Abstract-Two studies were performed to determine the quantitative relationship between salt intake and urinary volume (U v ) in humans. In study 1, 104 untreated hypertensives were studied on the fifth day of a high-and a low-salt diet. The 24-hour U v was 2.2 L (urinary sodium [U Na ] 277 mmol) on the high-salt diet and decreased to 1.3 L (PϽ0.001) (U Na 20.8 mmol) on the low-salt diet. The reduction in 24-hour U v was significantly related to the decrease in 24-hour U Na (PϽ0.001) and predicts that a 100-mmol/d reduction in salt intake would decrease 24-hour U v by 367 mL. In study 2, 634 untreated hypertensives were studied on their usual diet. There was a significant relationship between 24-hour U v and U Na (PϽ0.001). This predicts that a 100-mmol/d reduction in salt intake would decrease 24-hour U v by 454 mL. The International Study of Salt and Blood Pressure (INTERSALT) of 1731 hypertensives and 8343 normotensives on their usual diet showed that 24-hour U v was significantly related to U Na (PϽ0.001) and predicted that a 100-mmol/d reduction in salt intake would decrease 24-hour U v by 379 and 399 mL in hypertensives and normotensives, respectively. These findings document the important effect that salt intake has on U v . The recommended reduction in salt intake in the general population is from 10 to here is much evidence that salt intake plays an important role in regulating blood pressure. 1-3 However, there is little evidence about the relationship between salt intake and urinary volume (U v ). Studies in animals have shown that a high salt intake significantly increases renal excretion of water due to increased water intake, 4 -9 whereas in humans, the extent to which salt intake determines U v is not clear. We therefore performed 2 analyses to compare the relationship between salt intake and U v in patients with essential hypertension. In the first study, dietary salt intake was deliberately altered from a high-to a low-salt diet to document the change in U v with a defined change in salt intake. In the second study, patients were studied on their usual diet to document the relationship between usual salt intake and U v .
T here is much evidence that salt intake plays an important role in regulating blood pressure. [1] [2] [3] However, there is little evidence about the relationship between salt intake and urinary volume (U v ). Studies in animals have shown that a high salt intake significantly increases renal excretion of water due to increased water intake, 4 -9 whereas in humans, the extent to which salt intake determines U v is not clear. We therefore performed 2 analyses to compare the relationship between salt intake and U v in patients with essential hypertension. In the first study, dietary salt intake was deliberately altered from a high-to a low-salt diet to document the change in U v with a defined change in salt intake. In the second study, patients were studied on their usual diet to document the relationship between usual salt intake and U v .
The International Study of Salt and Blood Pressure (INTER-SALT) Cooperative Research Group kindly provided us with data on U v and urinary sodium (U Na ) to allow us to compare our findings with a much larger group of people from different parts of the world with both normal and raised blood pressure.
Methods Study 1: Experimental Study
One hundred four patients with essential hypertension who had not had previous treatment or in whom treatment had been stopped for at least 3 months were studied on the fifth day of high salt intake of Ϸ350 mmol/d and then on the fifth day of a low salt intake of 10 to 20 mmol/d. There was no washout period between the 2 diets. There were 48 men (33 white, 15 black) and 56 women (38 white, 18 black). Mean age was 48 years (range, 19 to 70 years). A high salt intake was achieved by supplementing their usual diet with 20 Slow Sodium tablets (200 mmol/d). The low-salt diet was provided by the metabolic unit kitchen under the supervision of the metabolic dietitian. The potassium, protein, and calorie intakes were not altered for either diet. Subjects were permitted free access to fluid. Two 24-hour urine samples were collected during the last 2 days of each dietary period for measurement of volume, sodium, potassium, and creatinine. Blood was also taken at the end of each dietary period for measurement of electrolytes, creatinine, plasma renin activity, 10 and aldosterone. 11 Blood pressure was measured in the same arm by nurses using semiautomatic ultrasound sphygmomanometers with attached recorders (Arteriosonde). Blood pressure was the mean of 5 readings taken at 1-to 2-minute intervals. All subjects gave informed consent. The study was approved by the local hospital ethics committee.
Study 2: Cross-Sectional Observational Study
Six hundred thirty-four patients with essential hypertension were studied on their usual diet and were instructed to collect a 24-hour urine sample for measurement of volume, sodium, potassium, and creatinine. There were 328 men (170 white, 88 black, 33 Asian) and 304 women (165 white, 61 black, 28 Asian). In 2 subjects gender was not recorded, and in 89 subjects ethnic group was not clear. Mean age was 47 years (range, 19 to 87 years). Patients had not received previous treatment or treatment had been stopped for at least 3 months.
All patients were carefully instructed both orally and by printed instructions on how to accurately collect a 2-hour urine sample and were carefully supervised by the Blood Pressure Unit research nurses.
Statistical Analysis
Results are reported as meanϮSEM. Differences in 24-hour U v and other variables between the high-and low-salt diets were analyzed by paired t tests. Multiple regression was used to examine the association of 24-hour U v and U Na with adjustment for potential confounders. All statistical analyses were performed by the Statistical Package for the Social Sciences (SPSS).
Results

Experimental Study
The Table shows the results obtained on the final day of the usual diet, on the fifth day of high salt intake, and on the fifth day of low salt intake. Because the study was designed to determine the changes from high to low salt intake, we used a paired t test to compare the difference between the 2 salt intakes.
From the high-to the low-salt diet, there was a reduction of 0.9Ϯ0.09 L/24 h (PϽ0.001) in U v , with a decrease of 256.2Ϯ11.9 mmol/24 h (PϽ0.001) in U Na excretion ( Figure  1 ). The reduction in 24-hour U v from the high-to the low-salt diet was significantly correlated with the decrease in 24-hour U Na (rϭ0.496, PϽ0.001). On average, U v decreases by 367 mL for a 100-mmol reduction in salt intake ( Figure 2) . The relationship between the reduction in 24-hour U v and U Na remained significant when adjusted for age, gender, race, changes in body weight, mean arterial pressure, urinary potassium, and urinary creatinine excretion (rϭ0.58, PϽ0.001). The effect of the adjustment for these variables was to change the estimate of the decrease in U v per 100-mmol reduction in salt intake from 367 to 452 mL.
From the fifth day of high salt intake to the fifth day of low-salt diet, there was a reduction of 1.82 kg (PϽ0.001) in body weight, an increase of 1.92 ng/mL per hour (PϽ0.001) in plasma renin activity, and an increase of 423.3 pmol/L (PϽ0.001) in plasma aldosterone. All of these changes would suggest sodium and volume loss with salt restriction.
Cross-Sectional Observational Study
In the 634 hypertensive patients studied on their usual salt intake, the average 24-hour U v was 1.77Ϯ0.03 L, with a 24-hour U Na of 143Ϯ2.7 mmol. There was a highly significant positive correlation between 24-hour U v and 24-hour U Na (rϭ0.38, PϽ0.001). For a reduction of 100 mmol/d in salt intake, this predicted a reduction in 24-hour U v of 454 mL ( Figure 3) . The relationship between 24-hour U v and U Na remained significant after adjustment for age, gender, race, body weight, mean arterial pressure, and urinary potassium and creatinine excretion (rϭ0.26, PϽ0.001; nϭ540). The effect of the adjustment for these variables was to change the estimate of the decrease in U v per 100-mmol reduction in salt intake from 454 to 345 mL. 
Comparison Between the Experimental and Cross-Sectional Observational Studies
To compare the quantitative relationship of salt intake and U v between the cross-sectional observational study and the experimental study, we plotted the change in U v against the change in U Na from the experimental study and superimposed the data of the observational study. Figure 4 shows that the age-and gender-adjusted slopes were very similar in the 2 studies. A change of 100 mmol/d in salt intake predicted a change of 24-hour U v of 367 mL in the experimental study and 454 mL in the cross-sectional study. After adjustment for age and gender, these estimates changed to 357 and 462 mL in the experimental and cross-sectional studies, respectively.
Discussion
In the experimental study, in which salt intake was deliberately decreased from a high-to a low-salt diet, there was a reduction in U v . The relationship between salt intake and U v found in this study was similar to that found in a larger group of patients studied on their usual salt intake. Therefore, our results demonstrate that salt intake is a major factor in controlling U v in patients with essential hypertension when on their usual salt intake.
The INTERSALT study, which made careful standardized measurements of 24-hour urinary collections to assess both sodium excretion and volume, included 1731 hypertensive patients (systolic blood pressure Ն140 mm Hg or diastolic blood pressure Ն90 mm Hg or on treatment for high blood pressure) and 8343 nonhypertensive persons from 52 centers around the world. In a within-sample analysis, U v was significantly related to U Na . Importantly, the relationship between U Na and U v was very similar between hypertensives and nonhypertensives. A reduction of 100 mmol/d in salt intake predicted a reduction in 24-hour U v of 379 mL (PϽ0.001) in hypertensive patients and 399 mL (PϽ0.001) in nonhypertensive persons (adjusted for age and gender). After further adjustment for body mass index, systolic blood pressure, alcohol intake, urinary potassium, creatinine, calcium, magnesium, and nitrogen excretion, there was still a significant relation between U v and U Na . The adjustment of these variables changed the estimate of the decrease in U v per 100-mmol reduction in salt intake from 379 to 334 mL in hypertensive patients (nϭ1720) and from 399 to 339 mL in nonhypertensive persons (nϭ8300) (data not corrected for regression dilution bias). In a random sample of 805 men and women who had a repeated 24-hour urinary specimen collected, the difference in U v was significantly correlated with the difference in U Na (rϭ0.612, PϽ0.001). A change of 100 mmol in salt intake predicted a change of 466 mL in U v .
When the results from the INTERSALT study were superimposed on our own results, it gave a similar regression line (Figure 4) . The consistent results between our experimental, observational study and the INTERSALT study demonstrate that salt intake is an important factor in controlling U v not only in hypertensive patients but also in normotensive persons.
Guyton et al, 12 in 1974, proposed that renal function curve and U v load (the rate of fluid intake minus the rate of nonrenal fluid loss) were 2 primary determinants of arterial blood pressure, and it has been suggested that fluid intake per se may play a role in regulating blood pressure. However, a study in humans with short-term but large changes in water intake showed no effect on blood pressure, 13 whereas changing salt intake had a significant effect on blood pressure. 3 These results in conjunction with the results of our present 
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study strongly suggest that any relationship between fluid intake, U v , and blood pressure is due to the differences in salt intake, which affect both blood pressure and U v . Our findings when the salt intake was deliberately changed are in agreement with studies in animals. 4 -9 However, a study in healthy young men (age 19 to 32 years) did not show a significant change in U v or in water intake when dietary salt intake was altered from 20 to 400 mmol/d. 14 It is difficult to explain these findings, but they may be due to the relatively small sample size (24 men) and a large fluid intake at baseline (Ϸ2 L/d). Although there was no significant change in U v or water intake in this small study, 14 there was a graded increase in body weight with the increase in salt intake, indicating sodium and volume retention.
One potential bias of the cross-sectional observational study is incomplete collection of urine or overcollection of urine. If a 24-hour urine collection is incomplete, both the 24-hour volume and the 24-hour sodium will be low, but the proportionate relationship between them will not be seriously affected. However, in the experimental study the 24-hour urinary creatinine excretion was similar on the high and low salt diets, indicating that the difference in U v was due to changes in salt intake and not due to differences in urine collection between the 2 diets. The cross-sectional observational study showed a very similar relation between U Na and U v ; it is therefore unlikely that there was bias due to problems with the completeness of urine collections. Furthermore, in the 805 subjects who had a repeated 24-hour urine specimen collected in the INTERSALT study, the difference in U v was significantly associated with the difference in U Na excretion but not with the difference in potassium or creatinine excretion. These results reinforce the relationship between U v and U Na excretion and demonstrate that the relationship is not due to inadequate 24-hour urine collection.
Another confounding factor is vigorous exercise or a hot environment, which would cause water loss through sweating. In our study very few of the hypertensive patients were participating in vigorous exercise, and only a small proportion of patients were studied during the English summer.
It was not the purpose of our study to investigate the mechanism of the relationship between salt intake and U v , although, as expected, when salt intake was increased there was an increase in plasma sodium and an increase in plasma osmolality, which is known to stimulate thirst and antidiuretic hormone secretion. 15 This increase in fluid intake will reduce plasma osmolality and will increase U v .
These studies demonstrate that in humans on their usual diet, the greater the salt intake, the greater the renal excretion of water. When salt intake is decreased from a high-to a low-sodium diet, there is a fall in U v similar to that seen between different individuals on different salt intakes. These results clearly demonstrate that salt intake is a major factor in controlling U v and therefore fluid intake.
Most western countries have now recommended that salt intake should be reduced from the current average of Ϸ10 to 5 g/d. This would reduce fluid intake in the whole population by Ϸ350 mL/d per person. Approximately 25% of fluid intake in the United Kingdom is in the form of soft drinks. This reduction in salt intake would reduce soft drink sales by Ϸ13 million soft drinks per day, which is 5 billion soft drink sales per year. In the United States these figures are larger, and a similar reduction in salt intake would reduce soft drink consumption by Ϸ40 billion soft drinks per year. Some soft drink companies own large snack companies that specialize in highly salted snacks. Some of these companies have been preeminent in trying to create an artificial controversy doubting the relationship between salt intake and blood pressure, 16, 17 presumably in the hope of stopping or slowing down any reduction in population salt intake to protect soft drink sales.
